Around 3.5 billion people are colonized by intestinal parasites worldwide. Intestinal parasitic 26 eukaryotes interact not only with the host, but also with the intestinal microbiota. In this work, we studied 27 the relationship between the presence of multiple enteric parasites and the community structure of the 28 bacterial and eukaryote intestinal microbiota in an asymptomatic cohort of mother-child binomials from a 29 semi-rural community in Mexico. The intestinal parasites identified were Blastocystis hominis, Entamoeba 30 histolytica/dispar, Endolimax nana, Chilomastix mesnili, Iodamoeba butshlii, Entamoeba coli, 31 Hymenolepis nana and Ascaris lumbricoides. We sequenced bacterial 16S rDNA and eukaryotic 18S 32 rDNA in fecal samples of 46 mothers and their respective children, with ages ranging from two to twenty 33 months. Although we did not find significant alpha-diversity changes, we found a significant effect of 34 parasite exposure on bacterial beta-diversity, which explained between 5.2% and 15.0% of the variation of 35 the bacterial community structure. Additionally, exposure to parasites was associated with significant 36 changes in relative abundances of bacterial taxa, characterized by increases in the Clostridia and decreased 37 Actinobacteria and Bacteroidia abundances. There were no significant changes of intestinal 38 microeukaryote abundances associated with parasite exposure. However, we found several significant 39 positive correlations between intestinal bacteria and eukaryotes, including co-occurrence of the fungi 40
INTRODUCTION
early postnatal exposures to challenges, such as parasite exposure, could directly affect development of the 90 gut microbiota structure. Given our lack of knowledge on the role of eukaryotes in the establishment of the 91 early life microbiota, we aimed to study this in a population of 46 mother-child asymptomatic binomials 92 from a semi-rural Mexican population with high levels of intestinal parasite exposure. 93
In this work, a comprehensive microbiome assessment was performed using 16S ribosomal DNA 94 (rDNA) and 18S rDNA Illumina sequencing analysis for the characterization of bacteria and eukaryotes in 95 the fecal microbiome Alpha and beta diversity, and bacterial relative abundance were determined and 96 correlations between the parasite-positive and negative data sets revealed interesting associations between 97 parasite colonization and distinct microbiome patterns in the intestine of children under two years of age. 98 group of children and we did not find any statistically significant differences between the individuals 149 exposed vs non-exposed to parasites ( Fig. 2c, d , e, and f). 150 151 Children older than one year old 152
In children older than one year old, we found a significant effect of parasite presence on bacterial 153 beta-diversity ( Fig. 3a) , which explained 5.2% of the variation present in this group. We also observed a 154 significant effect of child age on both bacterial (p<0.001) ( Fig. 3a) and eukaryote (p<0.001) (Fig. 3b ) beta-155 diversities, explaining the variation found in 6.7% and 4.3%, respectively. Chao1 estimated richness in this 156 group shown a significant increase of bacterial diversity (p=0.04) in the presence of intestinal parasites but 157 not in the eukaryotic diversity ( Fig. 3e ). There were no statistically significant differences on Shannon 158 diversity in bacteria and eukaryotes between parasite positive and negative children in this group of age 159 ( Fig. 3c and d ), suggesting that changes in alpha-diversity are mainly due to effect on operational 160 taxonomic unit (OTU) richness. 161 162 Children from one to two years old 163
In older children, between one and two years old, we detected an effect of parasite presence on 164 bacterial community structure (Fig. 4 ). The parasite exposure explained 8.7% of the bacterial variation 165 whereas age explained 7.7% (Fig. 4a ). Chao1 and Shannon diversity indices showed no changes in 166 richness or evenness (Figure 4c and e). Although there was no significant effect detected on eukaryotic 167 beta-diversity ( Figure 4b ) and on eukaryotic Chao1 richness ( Fig. 4f ), eukaryote alpha-diversity (Shannon 168 index) showed a statistically significant increase in the group colonized by parasites ( Fig. 4d) . 169
In mothers, we also found a significant effect of parasite exposure on bacterial beta-diversity ( Fig.  170 5a), explaining 5.6% of the variation of community structure, and no effect over the eukaryotic diversity 171 ( Fig. 5b) . No statistically significant effects were observed in mothers exposed to parasite in bacterial and 9 Relative abundance of bacterial classes 175 Differential abundance analysis revealed changes in bacterial composition associated with parasite 176 colonization and exposure (Fig. 6 ). In babies less than five months old exposed to parasites, the most 177 abundant groups at the genus level were Bifidobacterium and Bacteroides (Fig. 6a ). In this group of 178 children, the genera Pseudoramibacter, Eubacterium, Prevotella and Oscillospira were reduced in their 179 relative abundance compared to parasite exposure. 180
In children older than one year, children from one to two years old and in the mothers, the most 181 abundant classes were Bacteroidia, Actinobacteria, Clostridia and Coriobacteria, and the presence of 182 parasites was consistently associated with an increase of the relative abundance of Clostridia and a 183 decrease of Actinobacteria and Bacteroidia (Fig. 6b, c and d ). There was also a decrease of Fusobacteria 184 and Gammaproteobacteria percentages associated with the colonization of parasites in the children from 185 one to two years old and in the mothers, respectively. 186 187
Bacterial-Eukaryote correlations 188
In order to study correlations between the presence of bacterial and eukaryotic taxa, independently 189 of the parasite exposure, we created heatmaps of biweight correlations between the top 50 bacterial taxon 190 operational taxonomic units (OTUs) and the top 50 eukaryote OTUs in fecal samples. In babies less than 191 five months of age, we found several statistically significant correlations between bacterial and eukaryote 192 taxa ( Fig. 7) . We found positive correlations of bacteria with fungi: Bacteroides with Candida tropicalis, 193
Eurotiales and Hanseniaspora uvarum; Bacteroides fragilis with Eurotiales and Hanseniaspora uvarum; 194
Lachnospiraceae with Eurotiales and Hanseniaspora uvarum; Coriobacteraceae with Eurotiales and 10 Lachnospiraceae, Coriobacteraceae and Oscillospira with the protist Heteromita. In children older than 199 one year old and in the mothers, there were less correlations between bacterial and eukaryote taxa ( Fig. 8) . 200 We found positive correlations of Prevotella copri with Saccharomyces. 201
DISCUSSION 203
The most recent reports available estimate that 3.5 billion people are colonized by parasites around 204 the globe (19, 20) . Even though eukaryotes are in much lower abundance than bacteria, it has been 205 demonstrated that mono-colonization of parasites is associated with intestinal microbiota composition 206 changes (5, 11, (21) (22) (23) (24) . Colonization by parasitic eukaryotes usually does not follow a one host-one 207 parasite model (25-29), and very few studies have assessed the intestinal microbiota composition when 208 multiple parasites are present (30). In this project, we studied whether the exposure to intestinal parasites 209 in an asymptomatic cohort of mother-child binomials from semi-rural community in Mexico is related to 210 changes to the bacterial and eukaryotic intestinal microbiota. Asymptomatic cohorts are a crucial setting to 211 study this research question, given that the inflammatory response in symptomatic parasitosis can 212 confound the ecological effect of the presence of parasites in the human gut. Our study revealed important 213 changes in bacterial intestinal microbiota relative abundances associated with the exposure to parasites, 214 characterized by the increase of the abundance of the taxa Clostridia and the decrease of Actinobacteria 215 and Bacteroidia, with no important changes in alpha-diversity indices. 216
We found nine different parasites in the binomials studied, predominated by the protists 217
Blastocystis hominis (20.6%), Entamoeba coli (16.3%), Endolimax nana (6.5%) and Entamoeba 218 histolytica/dispar (5.4%) and the two helmints Ascaris lumbricoides (5.4%) and Hymenolepis nana 219 (4.3%). More than half of the exposed individuals (54.8%) were colonized by two or more different 220
parasites, yet, all parasite-positive individuals in our cohort remain asymptomatic. Interestingly, when 221 parasite positive individuals were compared with parasite-negative ones, we found that the parasite-222 positive children were breast-fed for a significantly shorter time and that the mothers of parasite-positive 223 children were significantly younger. Even though we did not find parasite colonization in the children 224 younger than 5-months-old, these infants are constantly exposed to the microbiome of their parasite-225 positive mothers. These exposures originate from birth, breastfeeding, and spending the majority of the 226 time together (31). It remains unclear why infants at this age do not become colonized by parasites, but our 227 data clearly indicates that even in the absence of colonization, there are distinct microbiome patterns 228 associated with maternal colonization. These results suggest that bacterial microbiome differences 229 originating from parasite colonization are inheritable and independent of colonization per se. 230
The mother's microbiota has been determined as an important microbial source during early 231 colonization of the infant gut in industrialized settings (13, 31-33), however, we found no binome identity 232 effect either in bacterial or in eukaryote communities. This may be due to the fact that the majority of the 233 abovementioned studies compared infant samples collected shortly after birth. The samples analyzed in 234 this study were of older infants. However, it is also possible that the increased dissimilarity between 235 mother-infant binomes in this study may reflect a bigger influence of other external environmental factors 236 on infant microbiome structure in this semi-industrialized setting. 237
Our study detected an increase of the bacterial and eukaryotic richness and alpha-diversity due to Cameroon found that the presence of the protist Entamoeba was associated with a significant increase in 241 alpha (intra-host) diversity. Furthermore, a recent study by our group (11) found a dramatic increase of the 242 bacterial richness and alpha-diversity in people colonized by Blastocystis from the same community as the 243 present study. The discrepancies between this study and previous ones, which did not include infants under 244 1 year, strongly suggest that the effect of parasite exposure on alpha-diversity is age-dependent, and may 245 be attributable to the lower alpha-diversity in infant samples. This is further supported by a recent study in 246 children from Colombia (30), in which no differences in bacteria alpha-diversity in children positive to 247 parasites were reported either. However, we did not observe an increase in alpha-diversity in the parasite-248 positive mothers either, suggesting that other factors may be at play, like the common multiparasitic 249 colonization in this settings that may lead to more complex interactions with the resident microbiota, 250 which may only be detected in a much larger study population size. 251 parasite exposure was significantly associated with the bacterial intestinal microbiota beta-diversity in 253 both infants and mothers in this study yet not with the eukaryotic microbiota. In children younger than 5 254 months old, the parasite exposure explained 14.9% (p=0.003) of the variation in bacterial community 255 structure, whereas in the older groups of infants and mothers parasite exposure explained less of an effect 256 in beta-diversity. This suggests that while parasite exposure is an important factor shaping bacterial 257 intestinal beta-diversity, its effects are more evident during the earlier stages of gut bacterial community 258 establishment. 259
Exposure to parasites was also associated with changes in specific taxa, including an increase of There are a several mechanisms possibly responsible for the observed changes in relative 267 abundance. Direct parasite-bacteria interactions driven by competition for resources, predation or 268 production of molecules may affect the fitness and survival or microorganisms involved (1). Protists are 269 well-known bacterivores. Entamoeba and Blastocystis can graze on bacteria (34, 35), and their ability to 270 feed on the bacteria is an important mechanism for top down control of bacterial communities due to their 271 high feeding rates (36). It has also been recently reported that Trichuris muris, a nematode from the mouse 272 gut, acquires its own intestinal microbiota from the mouse intestine, very likely through ingestion (37) . 273 Furthermore, the mechanisms by which bacteria avoid protists predation changes their ability to survive interactions with bacteria. Some parasites, like Entamoeba and Giardia who have mucolytic enzymes (39, 277 40), and helminths like Trichuris trichiura, which stimulate mucin expression or express mucin-like 278 molecules themselves (41-43), can alter the outer mucus layer changing the bacteria microenvironment 279 and sources of nutrition for certain taxa. Additionally, the parasites may produce metabolites that could 280 influence the regulation of the immune system, which helminths are well-known to do. Trichuris muris 281
and Heligmosomoides polygyrus bakeri can induce the generation of Tregs (44, 45), changing the physical 282 microenvironment by modifying the mucus and the antimicrobial peptides production, which might 283 promote the outgrowth of specific species among the microbiota (46). Bacterial and eukaryotic taxa 284 identified from our and other human studies should be studied in appropriate animal models to further 285 determine mechanisms involved in these multi-kingdom interactions. 286
While exposure to parasites practically had no effect on the diversity and abundance of eukaryotes, 287 correlation analysis detected several significant bacteria-eukaryotes positive associations. The strongest 288 positive correlations were found between bacteria and several common fungi of the intestinal microbiota. 289
Agonistic and antagonistic relationships have been described between intestinal fungi and bacteria (47-52). 290
The common yeast Candida albicans suppressed regrowth of Lactobacillus and promoted the recovery of 291
Bacteroidetes populations during antibiotic recovery (53) . Our study detected co-occurrence of another 292
suggesting that the effect of parasite colonization on the microbiome may also lead to changes in the 301 vertical transmission of bacterial taxa. This would imply that colonization by parasites may be a strong 302 indirect factor in the inheritable features of the human gut microbiome. How these intestinal microbiota 303 changes associated to parasites may modify the immune system and other aspects of metabolism remains 304 to be elucidated. 305
Study population, study design and ethical considerations 308
Xoxocotla is a semi-rural community of the State of Morelos, Mexico, located at 120 km south of 309 Mexico City (longitude 99°19=W, latitude 18°3=N) in a spanning area of 29,917 km2 with a tropical 310 climate (warm subhumid). Total population is 5,163 people whose main source of money income is 311 agriculture and commerce. Sample collection was carried out between April 2011 and January 2013. 312
In this cross-sectional study of cohorts, every volunteer mother was informed about the characteristics of 313 the project, the objectives, and the advantages to participate, as well as the biological samples needed, the 314 sampling procedures and possible complications that may arise. All the participant mothers signed a 315 written informed consent letter for her child and herself prior to the sample collection. Afterwards, 316 questionnaires to collect sociodemographic, socioeconomic and health data antecedents (Rome III for 317 gastro-intestinal symptoms (54), nutrition, way of delivery, and antibiotic use about the 6 months prior 318 sampling) were applied and all variables were recorded in a database. The recruited mothers were 319 submitted to a stool microscopic analysis for detection of intestinal parasites for the construction of the 320 parasitized and non-parasitized cohorts. Forty-six Mother-Child binomials were included in the study, and 321 feces samples were collected in sterile plastic containers, immediately placed at 4°C for transport to the 322 laboratory and stored at -20°C until analysis. 323
All procedures in this study fulfilled the "Reglamento de la Ley General de Salud en Materia de 324 The composition of eukaryotic microorganisms was determined by 18S rRNA gene sequencing. 371 DNA samples were sent to the Integrated Microbiome Resource at Dalhousie University for amplification 372 and sequencing. The 18S rRNA gene was amplified with the primers E572F (5' 373 YGCGGTAATTCCAGCTC 3') and E1009R (5' AYGGTATCTRATCRTCTTYG 3'), and the reaction 374 mixture included a PNA blocking primer (5' TCTTAATCATGGCCTCAGTT 3') to reduce amplification 375 of mammalian sequences. Amplification was carried out in duplicate, with one reaction mixture using 376 undiluted DNA and the other using DNA diluted 1:10 in PCR water. Amplification was conducted 377 according to previously described protocols (58). PCR products were visualized on E-gels, quantified 378 using Invitrogen Qubit with PicoGreen, and pooled at equal concentrations, according to a previous report 379 (58). PhiX was spiked in at 5%, and the resulting library was sequenced at Dalhousie University on the
Bioinformatics analysis 383
Sequences were preprocessed, demultiplexed, denoised, quality filtered, trimmed and chimeras 384 removed using the dada2 and vegan packages in R for 16S rRNA gene (59) or QIIME for 18S rRNA gene 385 (60). Quality sequences were aligned to the SILVA bacterial reference alignment, and OTUs were 386 generated using a dissimilarity cut-off of 0.03. Sequences were classified using the assignTaxonomy code 387 and calculated alpha and beta diversities and statistic using phyloseq package in R. We estimated bacterial 388 alpha-diversity using the Shannon index calculated from OTU relative abundances for each group. 
